cell numbers has been reported, associated with moderate immunodeficiency and normal immunoglobulin levels. Here, we compared B-cell populations of 19 children with DS with those in healthy age-matched controls. We found that all steps of peripheral B-cell development are altered in DS, with a more severe defect during the later stages of B-cell development. Transitional and mature-naïve B-cell numbers are reduced by 50% whereas switched memory B cells represent 10-15% of the numbers in age-matched controls. Serum IgM levels were slightly reduced, but all other immunoglobulin isotypes were in the normal range. The frequency of switched memory B cells specific for vaccine antigens was significantly lower in affected children than in their equivalently vaccinated siblings.
Introduction
Down syndrome (DS) is associated with increased susceptibility to bacterial and viral infections [1, 2] , and a high frequency of even in newborns, is small and has an abnormal structure [18] , the absolute number of circulating lymphocytes is decreased and antibody responses to vaccine antigens such as oral polio, acellular pertussis, tetanus, hepatitis B, and influenza A are low [19] [20] [21] . The absolute number of T lymphocytes has been reported to be low at all ages [22] or decreased during the first 2 years of age approaching normal levels thereafter [23] .
A decreased number of circulating B cells is a constant finding in DS [24] with variable levels of serum immunoglobulin [25] . Discrepancies between the results of aspects of these studies may derive from the small number of subjects included, differences in the age groups considered, poor matching between DS and controls, inclusion of institutionalized subjects with DS and, in particular, from the use of old and poorly reliable phenotyping techniques that have subsequently greatly improved over recent years driven by the remarkable advances in flow cytometric methods.
The most common symptoms reported in children with DS are infections of the respiratory tract suggesting a B-cell defect. Diseases related to T-cell deficiency, such as infection with intracellular microorganism, fungi, and opportunistic pathogens are rare [26] . In order to verify whether a defined B-cell defect may be associated with DS, we studied in detail the B-cell compartment of 19 children with DS and compared them with 19 age-matched controls (CTR).
In the peripheral blood, four major populations of B cells can be identified: transitional B cells, representing recent BM emigrants, mature-naive B cells, IgM memory B cells, and switched memory B cells. The cells that we conventionally call IgM memory B cells also express IgD on their surface, but a minor population of IgMonly memory B cells has also been described [27] . The latter is very small in both CTR and DS children (less than 1% of all memory B cells) and its function was not analyzed in this study separately from that of IgM memory B cells. IgM memory, also known as marginal zone B cells, is probably generated through a T-cellindependent mechanism whereas switched memory B cells derive from the T-dependent germinal center reaction [28] . Since each of these subpopulations has a different origin and defined function, we carried out a detailed analysis of these B-cell subpopulations and measured the in vitro proliferation and immunoglobulin production of B cells isolated from peripheral blood isolated from a group of 6-to 12-year-old children with DS compared to agematched CTR. The results of this study show that switched memory B cells are dramatically reduced in number but have an increased ability to differentiate into antibody-producing cells in vitro.
Results

Reduction of switched memory B cells in DS
Studies have shown that in DS children the absolute number of circulating lymphocytes is significantly lower than in CTR children [29, 30] and that in the T-cell compartment only naïve CD4 ++ T-cell numbers are reduced, whereas naïve CD8 T-cell and memory T-cell numbers (both CD8 and CD4) are in the normal range [23] . These observations were confirmed in the children included in our analysis (Table 1 and 2 and Supporting Information Fig. 1 ).
The three major subsets of CD19 + B cells in the peripheral blood were identified in our study by staining with antibodies to CD24, CD38, CD27, and IgM (Fig. 1A) . Fig. 1A and B) . B-cell development in the periphery results in the differentiation of short-lived transitional B cells into either mature/naïve B cells or IgM memory B cells. The germinal center reaction is absolutely required for the generation of switched memory B cells from mature/naïve B cells activated by antigen in the lymphoid follicle. Circulating transitional B-cell numbers in DS children were roughly half the levels seen in CTR children (Table 2 , Fig. 1B) , suggesting reduced BM production in DS children. The number of mature/naïve B cells was in DS children also 50% of that seen in the CTR children. A further restriction of the B-cell compartment in DS was observed at the memory stage with the number of IgM memory B cells being 30% of those seen in the CTR children; however, the most important alteration was observed in the switched memory pool. The median number of switched memory B cells in DS children was 14% of that observed in the CTR group (Fig. 1B , Table 2 ). The alterations of B-cell numbers were a constant finding in affected children and, for this reason, all differences between the DS and CTR groups were highly significant. A B-cell phenotype characterized by an extreme reduction of switched memory B cells is observed in patients with common variable immune deficiency (CVID) [31] . In contrast to CVID, however, immunoglobulin levels are not dramatically reduced in DS [29] . In our patients, IgG and IgA levels were comparable to those of the CTR group and only IgM was significantly reduced, but nonetheless remained in the age-normal range (31-208 mg/dL; Table 2 , Fig. 1C ).
Normal CpG-induced proliferative response and immunoglobulin production
As memory B-cell numbers appear to be particularly reduced in DS, we measured their function by the stimulation in vitro with the TLR9 ligand CpG which induces memory B-cell proliferation and differentiation into plasma cells. In DS children, after 7 days of such stimulation, the frequency of cells that had proliferated was comparable to the frequency observed in the CTR group ( Fig. 2A and B) as demonstrated by the proportion of cells that had a reduced 5-chloromethylfluorescein diacetate (CMFDA) staining ( Fig. 2A) . In culture after CpG stimulation, plasma cells, identified by the high expression of CD27 and CD38, can be either IgM + (IgM plasma cells) or IgM − (switched plasma cells). We found that the frequency of total plasma cells was comparable in the CTR and DS groups (Fig. 2B ). In particular, switched plasma cell numbers ( Fig. 2A) were not significantly reduced in the DS as compared with the CTR group (Fig. 2C ). In the culture supernatants of stimulated cells, IgM, IgA, and IgG antibodies were all reduced but never significantly (Fig. 2D) . The observation that both proliferation and antibody production were not significantly reduced in DS children was unexpected because memory B-cell and, in particular, switched memory B-cell numbers are dramatically diminished in the peripheral blood of such children (Fig. 1 ).
We performed a more detailed analysis of the data evaluating the proliferation and differentiation of gated CD27 + B cells (see Supporting Information Fig. 2 for the gating strategy) that were either IgM + or IgM − . We performed the analysis in nine CTR and nine DS children. In the IgM memory pool, we confirmed that there was no statistical difference in the frequency of memory B cells that had proliferated ( and have an increased ability to differentiate into plasma cells as compared to the equivalent cells in the CTR children.
Increased generation of CpG-induced antibody-producing cells
In order to confirm the data on plasma cell formation obtained in bulk culture after 7 days, we measured the ability of individual memory B cells from both DS and CTR children to generate antibody-producing cells as detected and enumerated by ELISPOT. The methodology established in the laboratory requires a shorter CpG stimulation time than the proliferation test (5 instead than 7 days) described above.
We stimulated peripheral blood mononuclear cells (PBMCs) isolated from 18 DS and 16 CTR children with CpG for 5 days and then counted the antibody-producing cells of IgM and switched isotypes. In each experiment, 2 × values of the CTR group (p < 0.001, Fig. 4A ). At day 5, IgM, IgA, and IgG spots were counted. The number of IgM and switched (IgG+IgA) spots was significantly lower in the cultures from DS as compared with those from CTR children (1.8-and twofold lower, respectively, Fig. 4B ). We calculated how many antibodyproducing cells each seeded memory B cell was able to generate, by dividing the number of spots obtained at day 5 by the number of memory B cells plated at day 0. In Figure 4C , the ratio between the number of IgM spots and IgM memory B cells is shown for CTR (white columns) and DS children (black columns). The median ratio value was 0.3 in the CTR and 0.2 in the DS. This indicates that in healthy children one in three IgM memory B cells generates one plasma cell after 5 days of CpG stimulation whereas in DS children one in two IgM memory B cells produces plasma cells that can be detected by ELISPOT. Figure 4C shows that the ability to form IgM plasma cells in vitro is increased in DS children, but the difference is not statistically significant at day 5. The difference is, however, significant in the switched memory populations (Fig. 4D) . Each switched memory B cell gives rise to one plasma cell in the CTR group, but 2.5 plasma cells are generated by each switched memory B cells in DS children (p = 0.02). Thus, switched memory B cells of DS children show an increased capacity to differentiate into antibody-secreting cells in response to TLR9 signals also at day 5 (Fig. 4D) .
Reduction of specific memory B cells
Vaccinations exert a protective effect by generating long-lived plasma cells that continuously produce specific antibodies, acting as a first-line defense in case of infection. Switched memory B cells are also induced by vaccine injection and are indispensable for the recall response. In order to measure the ability of children with DS to generate and maintain their specific memory pool, we studied a group of seven DS children that had received a complete cycle of the pneumococcal glyconjugated vaccine (three injections) 3-5 years before this study was performed. Each DS child was directly compared to his CTR sibling of roughly the same age who had also received three doses of vaccine 3-5 years before, meaning that we compared children living in the same environment and with a comparable immunization history (Supporting Information Table 1 ).
We found that, with one exception, all DS children analyzed had a reduced number of B cells producing IgG against pneumococcal polysaccharides in comparison with their own siblings (Fig. 5A) . When we compared the seven DS children to the seven CTR children, we found that the difference between the two groups was significant (p = 0.04). In contrast, the number of B cells producing IgM specific for pneumococcal polysaccharides in DS children was comparable (p = 0.8) to that of the CTR group (Fig. 5B) confirming that the immune defect of DS children significantly affects the adaptive immune system and, in particular, one of its most important products, i.e. antigen-specific switched memory B cells. Serum IgG antibodies specific for pneumococcal polysaccharides were not reduced in the DS children suggesting that the other products of the germinal center reaction, long-lived plasma cells, are efficiently generated and persist in both DS and CTRs (Fig. 5C ).
Discussion
The results of this study fully confirm that subjects with DS are affected with a primary immunodeficiency (PID). The number of circulating lymphocytes, both T and B cells, was significantly lower in DS as compared with CTR children, as reported in the literature [29, 30] . In the present study, we show that the most striking and consistent defect in DS is the reduced number of switched memory B cells that, however, have an increased capacity to differentiate into antibody-producing cells. DS PID has been suggested to be reminiscent of CVID [31] mainly because of the B-cell anomalies. In fact, DS children suffer from recurrent respiratory tract infections and have an increased risk of severe sepsis [32] . However, these features are much more severe in CVID than in DS children who, in contrast with CVID patients, have normal IgG and IgA levels and respond to vaccinations although with a variable but generally reduced specific antibody production [33] .
Our data show that trisomy 21 affects the differentiation of B cells at different developmental stages and checkpoints. B cells originate in the BM from stem cells and develop following a tightly regulated pathway. They leave the BM at the transitional B-cell stage, when they are still relatively immature and short-lived. Maturation to the long-lived naive pool occurs in the periphery and is an antigen-and T-cell-independent phenomenon [34] . The size of the mature-naive pool depends on the BM input (i.e. number of transitional B cells) and on the availability of space and survival factors in the secondary lymphoid tissues [35] . In DS children, the BM produces half the number of transitional B cells generated by CTR children (Table 2 and Fig. 1B) . In both DS and CTR transitional B cells, in turn, effectively differentiate into mature-naive B cells. This pool in DS children is half the size of that in the CTR group (Fig. 1B) . We show that the pool of switched memory B cells, which embodies the past antigen experience of each individual, is severely reduced in DS. This population is generated in the germinal centers in response to infections or vaccinations. The level of serum antibodies also results from antigen-driven differentiation of B cells. In contrast to the reduction of switched memory B-cell numbers, IgG and IgA antibody levels were normal in DS children. Most serum antibodies are produced by long-lived plasma cells that have relocated to the BM following their exit from the germinal center. Memory B cells also contribute to the maintenance of the level and diversity of serum immunoglobulin by terminally differentiating into plasma cells upon exposure to innate signals [36] .
We investigated the ability of memory B cells to differentiate in vitro into antibody-producing cells in response to TLR9 engagement. Both proliferation and differentiation of memory B cells in response to CpG were increased in DS children. In vitro CpG induces the proliferation of memory B cells associated with differentiation. Proliferation was measured at day 7. We show that IgM memory B cells of DS children proliferate faster than those of CTR children (Fig. 3A) . Differentiation was analyzed both at day 7 and at day 5. Both IgM and switched memory B cells demonstrated an increased ability to differentiate into plasma cells in DS children. At day 5 (Fig. 4D) , the difference between the DS and CTR groups is significant only for switched memory B cells. In contrast, at day 7 both switched and IgM memory B cells of DS children produce more plasma cells than the CTR group. This result can be understood by considering that differentiation occurs after a certain number of proliferation cycles and 2 days more in culture allow more proliferation and differentiation, i.e. plasma cells. Our results also show different kinetics of response to CpG in IgM and switched memory B cells of CTR; however, further studies are necessary to clarify this phenomenon. As the functions of IgM memory/marginal zone and IgM-only memory B cells cannot be discriminated in our study, additional experiments are necessary to investigate whether the two populations behave the same in DS children. As reduced numbers and responses of T cells have been demonstrated in DS, we cannot exclude that the defective B-cell function is a secondary phenomenon [26] . However, although fewer T and B cells are generated in the primary lymphoid organs of children with DS, the fate of the differentiating T cells is quite different from that of B cells. The latter, indeed, show an impaired differentiation into switched memory B cells. In contrast, T cells generate normal numbers of both CD8
+ and CD4 + memory T cells suggesting that they are functionally normal in vivo. Further studies are certainly needed to investigate this point.
We also compared seven pairs of siblings, one with and one without DS. All children had been vaccinated 2-3 years before this study and each couple lived in the same household ensuring a similar environmental exposure to infection in addition to the partially common genetic background. We found that, despite a normal level of specific antibodies, specific memory B cells were extremely rare in DS siblings whereas such cells persisted in normal children.
Taken as a whole, the results of the present study strongly suggest that DS children suffer from an intrinsic defect of B-cell differentiation resulting in a striking reduction of switched memory B cells which are crucial for the secondary response to pathogens, as well as for the response to vaccine antigens. The increased susceptibility to infections of DS children despite normal immunoglobulin levels confirms that switched memory B cells protect the organism against pathogen challenge, playing a function that is independent of the level of preformed serum antibodies, constantly secreted by long-lived plasma cells. In the case of reinfection, memory B cells sense the pathogen and rapidly react producing high-affinity protective antibodies not only in the serum but also locally at the site of pathogen entry [28] . The reduction of switched memory B-cell numbers represents the most likely explanation of the clinical and immunological features of DS PID (Fig. 5D) .
Further studies are necessary to fully explain our results. On the one hand, our findings are compatible with an alteration of the germinal center reaction resulting in the asymmetrical generation of normal numbers of long-lived plasma cells and a reduced fraction of switched memory B cells. Another possible scenario includes a normal germinal center reaction generating both long-lived plasma cells and sufficient amounts of memory B cells, followed by the exhaustion of the switched memory pool due to their activation and terminal differentiation into plasma cells (Fig. 6) . According to the latter hypothesis, the differentiation of memory B cells into plasma cells may contribute to the maintenance of antibody levels. Regardless of the explanation underlying these results, our study indicates that the primary and recall immune response of DS children to vaccines should be evaluated in order to design tailored immunization schedules for an effective vaccine-induced protection of DS children against infection.
We do not know which sequences on chromosome 21 influence the immune response. High steady state levels of certain microRNAs have been recently demonstrated in the peripheral blood cells of DS children [37] . MicroRNA 125B and 155, encoded by chromosome 21, play a role in the germinal center reaction and in the development and proliferation of B and T cells [38, 39] . It would be very interesting to evaluate the level of these microRNAs in the B and T cells of DS children in response to innate or adaptive stimuli and determine their effects on cell proliferation and class switching. 
Materials and methods
Study population
We first enrolled 19 DS children and 19 healthy (CTR) subjects without DS living in the Rome area and not institutionalized. An additional 14 children were enrolled for the study of antigenspecific memory B cells. In this additional group, children were recruited in pairs. Each pair was composed of two siblings, one normal and one with DS. The study protocols and consent form were approved by the Ethical Committee of Ospedale Pediatrico Bambino Gesù, Rome. Written informed consent was obtained from the families of the persons included in this study according to the principles expressed in the Declaration of Helsinki.
Inclusion criteria for DS children were diagnosis of DS proven by chromosome analysis, age between 6 and 12 years, and no symptoms of infection at the time of blood sampling. CTR subjects had the same age and no signs of infection. Exclusion criteria for CTR and DS children were evidence of malignancy, chemotherapy, post chemotherapy, and immunosuppressive treatment.
The clinical history of the patients was obtained from medical records and interviews conducted by the physician. A standard questionnaire for the occurrence of infections and any related hospitalization was also used. The medical records of all participants were checked for the frequency of infections, presence of congenital heart disease, previous heart surgery, and occurrence of autoimmune diseases.
Signs and symptoms to define recurrent respiratory infection (IRR) were pneumonia (two or more episodes/year), otitis (three or more episodes/6 months or four or more episodes/year), tonsillitis (three infections/year), and rhinosinusitis (three or more episodes/6 months or four or more/year) [40] [41] [42] [43] .
Demographic characteristics and clinical history
The median age of the DS children included in this study was 8.74 years, range 6-12 years, and did not differ significantly from that of CTR (median age 8 years, range 6-12) subjects. The sex distribution was nine males and ten females in DS children and 11 males and eight females in the CTR children.
According to the clinical history, 89.5% (17/19) of DS children experienced recurrent infections of the upper respiratory tract (94.1%; 16/17) and 11.8% (2/19) suffered from recurrent pneumonia or gastroenteritis. Furthermore, eight of the 19 DS children included in the study (42.1%) had required hospitalization because of infection. Thirteen DS patients had congenital heart disease (68.4%) but only two of them (15.4%) had undergone heart surgery.
Three patients (15.8%) had autoimmune diseases, two suffered from hypothyroidism and one from celiac disease. One child had polycitemia and one had experienced transient abnormal myelopoiesis in the neonatal age (Table 1) .
In the group of 14 children enrolled for the study of antigenspecific memory B cells, the mean age at analysis was 6.8 years (range 4-12), nine were males and five females. All children had received a complete course (three doses) of a glyconjugated antipneumococcal vaccine before. None of the subjects had undergone thymectomy or had autoimmune disorders (Supporting Information Table 1 ).
All DS patients and CTR children underwent venipuncture and 5 mL EDTA-venous blood was collected for baseline immunological evaluation and cell culture experiments. All analyses were performed blinded in regard of diagnosis.
Cell isolation and flow cytometry analysis
Heparinized PBMCs were isolated by Ficoll Paque TM Plus (Amersham Pharmacia Biotech) density-gradient centrifugation, counted and stained with the appropriate combination of fluorescent labeled antibodies and analyzed by flow cytometry [44] . Dead cells were excluded from analysis by side/forward scatter gating. All analyses were performed on a FACSCanto (BD Biosciences) interfaced to PC FACSDiva software. A total of 50 0000 events per sample were analyzed.
B-cell proliferation and immunoglobulin production in vitro
Before stimulation, peripheral blood lymphocytes were labeled with CMFDA at a final concentration of 0.1 mg/mL (CellTrackerCMFDA; Molecular Probes, Eugene, OR, USA). The cells were cultured at 5 × 10 5 cells per well in 96-well plates (Becton Dickinson, San Jose, CA, USA) in complete RPMI 1640 (InvivoGen, San Diego, CA, USA), supplemented with 10% FBS (Hyclone Laboratories, Logan, UT, USA), 2% L-glutamine (Gibco BRL), 5 × 10-5 M 2-beta-mercaptoethanol (Sigma-Aldrich, St. Louis, MO, USA), and 20 mg/mL gentamycin (Gibco BRL). CpG ODN (Hycult Biotechnology, The Netherlands) was added at the concentration of 2.5 mg/mL [45] . Cell proliferation and phenotype were measured on day 7 by flow cytometry. For ELISPOT cells were used at day 5 of CpG stimulation.
ELISA immunoassay
Secreted Igs were detected on day 7 by ELISA. Briefly, 96-well plates (Corning Inc., Corning, NY, USA) were coated overnight with purified goat anti-human IgA plus IgG, plus IgM (Jackson ImmunoResearch Laboratories). After washing with PBS containing 0.05% Tween and blocking with PBS containing 1% gelatin (1 h, room temperature), plates were incubated for 1 h at 37°C with the supernatants of the cultured cells. After washing, plates were incubated for 1 h with peroxidase-conjugated fragment goat anti-human IgA or IgG or IgM antibodies (Jackson ImmunoResearch Laboratories). The assay was developed with O-phenylendiamine tablets (Sigma-Aldrich) as a chromogenic substrate. Absorbance at 405 nm was measured, and Ig concentrations were calculated by interpolation with the standard curve [45] .
Specific anti-PnPS IgG serum concentrations were measured using VaccZymeTM Anti-PCP IgG Enzyme Immunoassay kit from Binding Site (The Binding Site) according to the manufacturer's instructions. For anti-PCP, IgG concentrations were calculated from the standard curves in milligrams per liter. PBMCs stimulated for 5 days, as described before, were collected, counted, and seeded in the precoated plates. Plates were left at 37°C, 2% CO 2 for 4-6 h to allow antibody secretion. A total of 1/2 serial dilutions were done starting in the first well with Plates were left at room temperature to allow the blue color to develop and the reaction was stopped with dH 2 O. Plates were left to dry before counting with an ELISCAN (A-EL-VIS, Germany) [44] .
Statistical analysis
Comparison between immunological values in the CTR and DS children was performed using the Mann-Whitney U-test. p Values lower than 0.05 were considered statistically significant.
